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Cortical motor areasare thought to contribute ‘‘higher-
order processing,’’ but what that processing might
include is unknown. Previous studies of the smooth
pursuit-related discharge of supplementary eye field
(SEF) neurons have not distinguished activity associ-
ated with the preparation for pursuit from discharge
related to processing or memory of the target motion
signals. Using a memory-based task designed to
separate these components, we show that the SEF
contains signals coding retinal image-slip-velocity,
memory, and assessment of visual motion direction,
the decision of whether to pursue, and the preparation
for pursuit eye movements. Bilateral muscimol injec-
tion into SEF resulted in directional errors in smooth
pursuit, errors of whether to pursue, and impairment
of initial correct eye movements. These results
suggest an important role for the SEF in memory and
assessment of visual motion direction and the
programming of appropriate pursuit eye movements.
INTRODUCTION
Motor-relatedcortical areas have longbeen thought to contribute
more tomovements than simple commands. These higher-order
processes have been suggested to include memory, prediction,
timing, abstraction, or targets, etc., but specific demonstrations
of how these processes are manifest during specific movements
has been lacking. Smooth pursuit eye movements are a well-
defined model motor system for the study of some of these
higher-order processes because we know a great deal about
the goal of the movements and the signals and areas involved.
Smooth pursuit eye movements allow us to see well in every-
day life, by assuring accurate visual information about moving
objects. They do this by keeping the image stable on the fovea
(i.e., the high-acuity portion of the retina) in response to visual
information about the velocity of the slip of objects’ images onthe retina. To maintain images on the foveae during movement,
prediction is used to compensate for the delays involved in pro-
cessingvisualmotion informationand/or eyevelocity commands.
Thepursuit system isquiteefficient at prediction (e.g.,Beckerand
Fuchs, 1985), but the neural mechanisms of prediction are not
well understood. They might use memory of visual motion (e.g.,
Assad and Maunsell, 1995; Bisley et al., 2004), but it is unknown
where the memory of visual motion for predictive smooth pursuit
is stored (e.g., Collins and Barnes, 2005).
Prediction-related neuronal discharge during smooth pursuit
has been reported in the supplementary eye fields (SEF) in the
dorsomedial frontal cortex (Heinen, 1995; Heinen and Liu,
1997; de Hemptinne et al., 2008; also Kim et al., 2005). However,
previous studies have not separated discharge related to prepa-
ration for pursuit eye movements from discharge related to pro-
cessing of target motion signals or their memory. Although the
SEF contains smooth-pursuit-related neurons that discharge
during pursuit (Schall, 1991; Heinen, 1995; Heinen and Liu,
1997), their role in pursuit eye movements is not well understood
for the following reasons. (1) Electrical microstimulation of the
SEF does not induce smooth pursuit eye movements, although
it facilitates smooth pursuit initiation and enhances anticipatory
pursuit eye velocity (Missal and Heinen, 2001, 2004). This is in
contrast to the effect of electrical microstimulation on the
saccadic system, which induces saccadic eye movements
(e.g., Schlag and Schlag-Rey, 1987). (2) Over half of pursuit-
related SEF neurons do not signal eye velocity during pursuit
(Fukushima et al., 2004). (3) SEF lesions have minimal effects
on pursuit eye movements (see a review by Tehovnik et al.,
2000). It has been suggested that SEF is involved in the process
of guiding anticipatory pursuit (see Leigh and Zee, 2006 for
a review).
Using a memory-based smooth pursuit task that was de-
signed to permit a dissection of neuronal responses into compo-
nents associated with memory of visual motion direction, the
decision-making process of whether to pursue moving spots,
and preparation for and execution of pursuit eye movements,
we show that the SEF contains various signals reflecting each
of these components. Muscimol injection into the bilateral SEF
resulted in impairment of correct pursuit eye movements,Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc. 717
Neuron
Memory and Decision Making in SEF718 Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc.
Neuron
Memory and Decision Making in SEFsuggesting an important role of the SEF in appropriate execution
of smooth pursuit eye movements.
RESULTS
As illustrated schematically in Figure 1A (see Experimental
Procedures for details), our task used random-dot patterns as
the cue for action. After the initial fixation, cue 1 was presented
for 0.5 s at 10/s. It consisted of a moving random-dot pattern
for which the monkeys were required to remember both its color
and the direction of visual motion. After a delay (Figure 1A, delay
1), cue 2 was presented and consisted of a stationary random-
dot pattern. If the color of cue 2 was the same as that of cue 1
(go signal), the animal was required to prepare to pursue a
spot that would move in the direction instructed by cue 1. If
the color of cue 2 was different from the cue 1 color (i.e., no-go
signal), the animal was required not to pursue but to maintain
fixation of the stationary fixation spot. After another delay (Fig-
ure 1A, delay 2), monkeys were required to execute the correct
action by selecting one of three spots (one fixed at the center
and two moving away in opposite directions) based on the
memory of cue 1 and the instructions of cue 2 (Figure 1A, action).
Thus, this oculomotor task separated behavioral periods that
required memory of visual motion direction (delay 1), decision
making (cue 2, go or no-go), and preparation and execution for
pursuit (go, delay 2, action) or maintaining fixation (no-go, delay
2, action).
Early in their training (typically after 6–8months of training), the
two monkeys performed the final action using saccades with
latencies typically 260–300 ms followed by smooth-pursuit eye
movements (Fukushima et al., 2008). Later (typically after a
year of training), saccade latency shortened typically to 220 ms.
Moreover, preceding the saccades, smooth-pursuit eye move-
ments appeared in the correct response direction, at latencies
typically of 130–150 ms (e.g., Figure 8E, thin line, pointed by
arrow).
Discharge of Task-Related Neurons in the SEF
We analyzed the activity of a total of 208 neurons in SEF of two
monkeys that exhibited modulation during our task. Discharge
characteristics of neurons in the two monkeys were similar. To
assess during which period(s) of our task (Figure 1A) SEF
neurons were active, wemeasuredmean discharge rates of indi-
vidual neurons during the different periods, and compared the
mean rate and standard deviation (SD) for each period with the
mean rate (±SD) during the initial fixation (Figure 1A) for each
neuron (e.g., Figures 1B–1D, control, see Experimental Proce-
dures). Of the 208, 158 neurons preferred go trials (see Data
Analysis). Figures 1B–1D illustrate two example neurons re-
corded in the left SEF during go trials. Both showed clear
discharge during the delay 2 and the action periods. Preferreddirections for the discharge during delay 2 and action periods
were rightward for both neurons (e.g., Figure 1C versus 1D). In
addition, the neuron shown in Figure 1C exhibited a brief
discharge at cue 1 and cue 2.
Figure 1E plots the percentage of modulated neurons during
each period in go trials. Over half of the 158 neurons exhibited
significant modulation (higher or lower than control) during every
period from cue 1 to action. Modulated neurons during go trials
included those that exhibited direction-specific modulation (Fig-
ure 1E, filled squares) and those that did not (direction nonspe-
cific, open squares). The great majority (>80%) exhibited excita-
tion as illustrated in Figures 1B and 1C. In the following sections,
we performed quantitative analyses of the excitatory responses.
Direction-specific neurons active during the action period
included pursuit-related neurons as identified by their discharge
in a simple pursuit task (see Data Analysis for details). Discharge
of a representative neuron is shown in Figure 1F where only
a single spot was shown during delay 2 and action periods in Fig-
ure 1A. This is the same neuron shown in Figure 1B, but unlike
the discharge in Figure 1B, the discharge before the onset of
pursuit eye movements was not observed during simple pursuit
(Figure 1F), suggesting that the discharge depended on a task
that required movement preparation (e.g., Mann et al., 1988).
Figure 1G plots mean and standard error (SE) discharge rates
of a group of SEF neurons (n = 14) that exhibited directional
responses during the action period on go trials in their preferred
direction (duration of delay 1 and delay 2 was set for 2 s). These
neurons also exhibited a directional response during delay 2 but
not during delay 1, as example neurons show in Figures 1B–1D
(see below).
Classification of Direction- and Instruction-Specific
Neurons
Our monkeys were required to remember both the color and the
direction of cue 1 visual motion and to associate them with the
cue 2 instruction for the appropriate action (Figure 1A). Because
tested neurons responded similarly when the color of cue 1 was
changed (see Experimental Procedures, also Fukushima et al.,
2008), the most important information during cue 1 for SEF
neurons is the direction of visual motion. We searched for
neurons that carried the direction- and instruction- specific infor-
mation during delay 1 and delay 2. For neurons that showed such
responses, we presented cue 1 visual motion either in the
preferred direction or antipreferred direction and cue 2 instruc-
tion was either go or no-go. Therefore, there are four possible
combinations of neurons that showed direction- and instruc-
tion-specific responses during go-trials.We found all four groups
of neurons in the SEF (Table 1, 1–4). Direction-specific delay 1
activity was observed in 39 neurons, and these were further
divided into two groups based on whether their activity during
delay 2 was directional and whether it was affected by theFigure 1. Task Conditions and Discharge of SEF Neurons
(A) Task conditions.
(B–D) Spike rasters and averaged histograms of two SEF neurons during go trials as indicated. Top traces in (B) and (D) are superimposed eye position (eye pos).
(E) Percentage of modulated neurons that preferred go trials during different task periods.
(F) Discharge of the same neuron shown in (B) during a simple ramp-tracking task of a single spot. Saccade velocities (eye vel) are clipped.
(G) Mean (±SE) discharge of movement preparation neurons. See text for further details.Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc. 719
Neuron
Memory and Decision Making in SEFpreparation of pursuit eye movement direction. The first group
(14/39) did not have directional delay 2 activity, so it was not
affected by preparation of pursuit eye movement direction.
We call this group of neurons visual memory neurons (Table
1, 1) for the reasons described below. The second group (25/
39) showed directional delay 2 activity during preparation of
pursuit eye movements. We call this group of neurons visual
memory + movement preparation neurons (Table 1, 2). The third
group (n = 20, Table 1, 3) exhibited a direction-specific
response during delay 2 but not delay 1 (e.g., Figures 1B and
1C, movement preparation neurons). Our task has also revealed
a fourth group (50/208, Table 1, 4) that preferred no-go trials
(no-go neurons).
Visual Memory Neurons
This group of neurons exhibited direction-specific discharge
only during delay 1 in both go and no-go trials (n = 14, Table 1,
1). About half of them (6/14) also showed directional activity
during cue 1. Discharge of a representative neuron is shown in
Figures 2A and 2B). It exhibited clear discharge during cue 1
and the discharge was maintained during delay 1 when right-
ward (but not leftward) visual motion was presented at cue 1
during go trials and no-go trials (Figure 2A1–2A2 versus 2B1–
2B2). The continuation of this delay 1 discharge during the cue
2 period was not significantly affected by the cue 2 instruction
that required the monkey to prepare for action (i.e., whether or
not to pursue moving spots; go or no-go, Figure 2A1 versus
2B1). Furthermore, the delay 1 discharge was not significantly
influenced by the monkey’s preparation of pursuit direction.
This is also seen when the monkey made an error (Figure 2A1,
red trace in eye pos); instead of performing rightward pursuit,
the monkey performed leftward pursuit. Despite this error,
discharge similar to that during correct trials was clearly
observed during delay 1 (Figure 2A1, red raster).
The activity during delay 2 of go trials was not significantly
affected by pursuit eye movement direction (Figure 2A1 versus
2A2). This is also illustrated in Figure 2A3, which shows similar
mean discharge rates during delay 2 when the cue 1 instruction
was rightward (black) or leftward (blue). However, this delay 2
activity was significantly higher than the delay 2 activity during
no-go trials (Figures 2B1–2B3, p < 0.05). These results suggest
that the delay 1 activity of this neuron reflected memory of the
visual motion direction presented by cue 1 but that the delay 2
activity was unaffected by the preparation of pursuit eye move-
ment direction, although it might have reflected ‘‘go’’ signals,
the direction of which was not specified yet (i.e., direction
nonspecific, Figure 1E and Table 1, see below).
Table 1. Classification of Direction-Specific and Instruction-
Specific SEF Neurons
Direction-Specific/Instruction-
Specific Neuron Groups
Go Trials No-Go Trials
Delay 1 Delay 2 Delay 1 Delay 2
1. Visual memory Yes No Yes No
2. Visual memory + movement
preparation
Yes Yes Yes No
3. Movement preparation No Yes No No
4. No-go No No No Yes720 Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc.Visual Memory + Movement Preparation Neurons
This group of neurons exhibited congruent directionality during
delay 1 and during delay 2 in go-trials (n = 25, Table 1, 2). Fig-
ure 3A shows activity of a representative neuron. It exhibited
clear discharge during the late period of the delay 1 when left-
ward (but not rightward) visual motion was presented at cue 1
during go trials and no-go trials (Figure 3A1 versus 3A2, and
3A3 versus 3A4), and this delay 1 activity was basically similar
during go and no-go trials (Figure 3A1 versus 3A3), like the
discharge of visual memory neurons (Figure 2A1 versus 2B1).
In addition, when the cue 2 instructed ‘‘go’’ to prepare to pursue
in the congruent direction (Figure 3A1), this neuron exhibited
robust discharge during the late period of delay 2 following
a pause after cue 2 onset. This delay 2 activity suggests that it
was related to preparation for leftward pursuit eye movements,
because the discharge was not observed in association with
rightward pursuit (Figure 3A2 versus 3A1) or during no-go trials
(Figure 3A3–3A4 versus A1, Table 1).
To compare mean discharge rate of visual memory neurons
and visual memory + movement preparation neurons during
delay periods, we plotted mean discharge rate of individual
neurons during delay 1 and delay 2 against mean rate during
initial fixation (Figures 2C and 2D). There was no significant
difference in the distribution of the two groups during delay 1
(Figure 2C, p > 0.1), but discharge of most neurons is clearly
greater than that during fixation (unity slope line). Likewise, the
two groups showed a significant difference in distribution during
delay 2 (Figure 2D, p < 0.001). We also calculated the average
mean ratio of delay 2 discharge rate divided by average control
fixation rate for all tested neurons of each group. The ratios for
visual memory neurons and visual memory + movement prepa-
ration neurons were 1.1 and 2.9, respectively, indicating that
themean ratio was nearly three times larger for the latter neurons
(Figure 2D).
Figure 3B plots time course of mean (±SE) discharge rates of
visual memory neurons (red, n = 13) and visual memory + move-
ment preparation neurons (blue, n = 22) during go trials in their
preferred directions when the duration of delay 1 and delay 2
was set at 2 s. The initial response to cue 1 was larger for visual
memory neurons (Figure 3B, red), but the two groups of neurons
maintained similar discharge rates during delay 1 and also during
cue 2. This suggests that the delay 1 activity of the two groups of
SEF neurons depended on the direction of visual motion
presented by cue 1, but the activity was minimally affected by
preparation for pursuit eye movement direction. During delay
2, the discharge of the two groups of neurons clearly diverged
(Figure 3B, red versus blue), suggesting that this divergence
reflected preparation for pursuit eye movement direction in-
structed by the cue 2 for visual memory +movement preparation
neurons (Figure 3B, blue).
Correlation of Delay 1 and Delay 2 Activity
during Go Trials
Because the delay 1 activity of visual memory neurons (Fig-
ure 3B, red) did not seem to reflect preparation for pursuit eye
movement direction as stated above (Figures 2A1–2A3), the
congruent directionality in preferred directions in the two delay
periods of visual memory + movement preparation neurons
Neuron
Memory and Decision Making in SEFFigure 2. Discharge of Representative Visual Memory Neuron and Comparison with Visual Memory +Movement Preparation Neurons during
Delay Periods
(A1 and A2) Rightward (A1) and leftward (A2) visual motion go trials.
(B1 and B2) Rightward (B1) and leftward (B2) no-go trials. Red traces pos and spike raster in (A1) highlight an error trial.
(A3–B3) Comparison of mean discharge rightward (black) and leftward (blue) for cue 1 visual motion go and no-go trials, respectively.
(C) Mean discharge of visual memory neurons (red) and visual memory + movement preparation neurons (blue) during delay 1 against initial fixation.
(D) Mean discharge of visual memory neurons (red) and visual memory + movement preparation neurons (blue) during delay 2 against initial fixation.
In (C) and (D), red arrows are mean rates of the neuron shown in (A) and (B). Blue arrows are mean rates of the neuron shown in Figure 3A.Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc. 721
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Memory and Decision Making in SEFFigure 3. Representative Visual Memory + Movement Preparation Neuron and Time Course of Discharge Modulation
(A–C) Cue 1motion was 100% (A) and 0% (C) correlation. (A1) and (A2) show go trials when cue 1 was leftward (A1) and rightward (A2) visual motion. (A3) and (A4)
show no-go trials when cue 1 was leftward (A3) and rightward (A4). Panel (B) shows time course of mean (±SE) discharge modulation of visual memory neurons722 Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc.
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direction of visual motion might have been used for further pro-
cessing in the preparation of pursuit eye movement directions.
To examine this possibility, we let the monkeys choose pursuit
directions themselves and examined how visual memory +
movement preparation neurons discharged during delay 1 and
delay 2. To encourage the animals to make the direction choice
themselves, we used the paradigm devised by Newsome and
Pare (1988) (0% correlation) that moved each dot randomly
in different directions at cue 1 (see Experimental Procedures).
If the color of cue 2 was the same as cue 1, it instructed ‘‘go’’ and
the monkey followed one of the two moving spots either toward
the preferred or opposite (i.e., antipreferred) direction. If the color
of cue 2 was different from that of cue 1, it instructed no-go.
During 0% correlation, cue 1 does not provide the necessary
information about the direction of visual motion (Newsome and
Pare, 1988). Our monkeys pursued one of the two moving spots
randomly with nearly equal probability during the action period of
these go trials. For example, in 216 go trials with 0% correlation,
the monkey performed rightward and leftward pursuit in 51%
(110/216) and 49% (106/216) of the trials, respectively. We
sorted eye and cell trials based on the monkeys’ choice of either
the preferred direction of delay 2 activity or the antipreferred
direction of the neuron (tested by 100% correlation). Because
visual memory + movement preparation neurons had discharge
related to preparation for pursuit (see above), we predicted that
delay 2 activity during 0% correlation should be correlated with
the pursuit preferred direction. Our question was whether delay
1 activity was correlated with delay 2 activity.
Figure 3C plots sorted trials during 0% correlation for leftward
pursuit (C1), rightward pursuit (C2), and no-go trials (C3) of the
same neuron shown in Figure 3A. As expected, when the
monkey made leftward pursuit (i.e., in the preferred direction of
this neuron tested by 100% correlation), discharge modulation
during the late period of delay 2 was much stronger compared
with the trials where themonkeymade rightward pursuit (Figures
3C1 versus 3C2). This suggests that the delay 2 activity did
indeed reflect preparation for pursuit eye movements. In addi-
tion, the stronger discharge during the delay 1 in the same trials
(Figures 3C1 versus 3C2) suggests that this discharge was also
related to the monkey’s choice and preparation for the subse-
quent pursuit eye movement direction independent of the cue
1 stimulus itself, whichwas nondirectional during 0%correlation.
To evaluate these results further, we calculated choice proba-
bility (CP; Britten et al., 1996) and its time course based on
whether the monkey pursued in the preferred direction of the
neuron (tested by 100% correlation) or antipreferred direction
during go trials (see Data Analysis). The results are plotted in
Figure 3D (red) for the same neuron when cue 1 was presented
as 0% correlation and are compared with the CP time course
when cue 1 was presented as 100% correlation (Figure 3D,
black). The two curves were basically similar. After cue 1, the
CP increased and reached greater than 0.8 during the late periodof the delay 1. Following a brief decrease at cue 2, the CP again
increased and was maintained between 0.8 and 0.9 during delay
2 until the action period (Figure 3D).
For ten visual memory + movement preparation neurons, we
calculated the CP during go trials when the cue 1 was presented
as 0% correlation. Mean CP values during the delay 1 and 2
periods were 0.70 and 0.77, respectively. Figure 4 plots mean
Figure 4. Time Course of Choice Probability for Go Trials, Mean
(±SE) Discharge Modulation
(A and B) Mean (±SE) CP of ten visual memory + movement preparation
neurons during go trials sorted on pursuit in the preferred directions during
delay 2 when cue 1 was 100% (A) and 0% correlation (B).
(C) Blue and red traces compare mean discharge rates of the ten neurons in
preferred directions during go trials when cue 1 was 100% (blue) and 0%
correlation (red). Black trace is mean discharge rate of the same neurons
during go trials in antipreferred directions when cue 1 was 0% correlation.
Dashed horizontal, gray lines in (A) and (B) are CP 0.5 values. Dashed line in
(C) is mean discharge rate during control fixation period.
(D) SEF neurons that exhibited directional response to cue 1 visual motion
were selected, and their mean discharge rates were compared when the
monkeys performed the pursuit instructed by cue 1 (i.e., preferred directions
for cue 1) or antipreferred directions.(red, n = 13) and visual memory +movement preparation neurons (blue, n = 22) during go trials in their preferred directions. In (C1) and (C2), go trials are sorted into
leftward (A1) and rightward pursuit (A2). (C3) shows no-go trials.
(D) CP time course for go trials sorted according to whether the monkey pursued toward the left or right with 100% (black) and 0% correlation (red). Blue trace
indicates CP time course for go trials for saccades when cue 1 was presented with 0% correlation.Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc. 723
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and 0% (B) correlation conditions. The two curves were basically
similar. After cue 1, mean CP increased above 0.6 (0.7–0.8, Fig-
ures 4A and 4B). After cue 2, the CP further increased during 0%
correlation (B) and remained near 0.8 during delay 2 until the
action period. There was a brief dip in mean CP at cue 2, espe-
cially in the 0% correlation condition (Figure 4B).
Figure 4C (red and blue) plots mean discharge rates of these
ten neurons during go trial pursuit in their preferred directions
when cue 1was presented as 0%and 100%correlation, respec-
tively. For comparison, Figure 4C (black) plots mean discharge
rates of the same neurons during pursuit in their antipreferred
directions when the cue 1 was presented with 0% correlation.
The initial response to cue 1 was largest during 100% correlation
(Figure 4C, blue, indicated by downward arrow). The two curves
during 0%correlation (Figure 4C, red andblack) exhibited a slight
increase in discharge rate after presentation of cue1but diverged
clearly 240 ms later (green arrow). The time course of discharge
modulation of the two curves for pursuit in the preferred direc-
tions during 100% and 0% correlation (Figure 4C, red and blue)
was basically similar, and they were clearly different from the
mean discharge rates of the same neurons during pursuit in the
antipreferred directions (Figure 4C, black). These results indicate
that the delay 1 activity of visual memory + movement prepara-
tion neurons (e.g., Figure 3A) covaried with both the delay 2
activity and the monkeys’ choice for final pursuit eye movement
direction, suggesting that the congruent directionality during
delay 1 and 2 reflected motion-direction assessment and prepa-
ration for subsequent pursuit eye movement direction, respec-
tively (see Discussion).
Smooth Pursuit versus Saccade
The congruent directionality of delay 1 and 2 discharge of visual
memory + movement preparation neurons was also observed
when moving two spots stepwise during the action period so
that themonkeysmade saccades instead of smooth pursuit (Fig-
ure 1A, see Experimental Procedures). The results were similar in
the ten neurons tested. Figure 5A illustrates the discharge of the
same neuron (Figure 3A) during leftward (Figure 5A1) and right-
ward saccades (Figure 5A2) when cue 1 was presented with
100% correlation. Clearly, the activity during delay 1 and 2 was
higher when the monkey made leftward saccades (Figure 5A1)
than rightward (Figure 5A2). Delay 1 activity was also observed
when cue 1 motion was leftward during go (Figure 5A1 versus
5A2) and no-go trials (Figure A3 versus A4). For comparison,
Figure 5C shows discharge of the same neuron during a visually
guided saccade task with a single spot. Unlike the discharge in
Figures 5A1 and A2, no consistent presaccadic activity was
observed during visually guided saccades (Figure 5C).
When cue 1 was presented with 0% correlation, both delay 1
and delay 2 activities were much higher when the monkey made
leftward saccades than rightward (Figure 5B1 versus B2). The
CP time course for saccade trials for the preferred direction
was similar to the time course for smooth pursuit (Figure 3D,
blue). No-go trials during 0% correlation at cue 1 resulted in
mixed trials; some included high discharge rates and others
low discharge rates (Figures 3C3 and 5B3, also see Discussion).
These results indicate that SEF activity reflects motion-direction724 Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc.assessment and movement preparation and is common for
smooth pursuit and saccades.
Movement Preparation Neurons
This group of neurons exhibited a direction-specific response
during delay 2 but not delay 1 during go-trials (Table 1). They dis-
charged before the onset of pursuit eye movements in the task
that required preparation for pursuit eye movements (e.g., Fig-
ure 1B versus 1F). About half of them (9/20) also exhibited direc-
tional discharge to cue 2 when it instructed the monkeys to
prepare for subsequent pursuit eye movements in the preferred
direction (Figure 1C versus 1D). The CP time course was exam-
ined using 0% correlation in six of these neurons. All of them ex-
hibited higher CP values (>0.8) during delay 2 for their preferred
directions.
No-Go Neurons
Discharge of a representative neuron is shown in Figure 6. During
go trials, it exhibited discharge during the action period, regard-
less of the pursuit direction (Figure 6A1). When the cue 2 instruc-
tion was ‘‘no-go’’ (Figure 6A2), it exhibited a stronger discharge
at cue 2 and during delay 2 compared with the direction-nonspe-
cific discharge during go trials. Furthermore, when the monkey
made an error during the action period by pursuing a leftward
moving spot during a no-go trial (Figure 6A2, red trace), this
neuron nearly stopped discharging at cue 2 and during delay 2.
These results suggest that discharge of this neuron reflected the
monkey’s decision to maintain fixation and not to pursue.
The CP was computed during delay 2 with respect to the
monkeys’ choice based on whether they maintained fixation
(i.e., no-go) or if they pursued a moving spot, regardless of its
directions (Figure 6A1 versus 6A2). Neurons that exhibited CP
above 0.7 during delay 2 when they performed no-go were clas-
sified as no-go neurons (n = 50, see Data Analysis). Mean (±SE)
CP during delay 2 was 0.87 (±0.07). Figure 6B plots mean (±SE)
CP time course curves of 24 neurons when the duration of both
delay 1 and delay 2 was set at 2 s. The CP increased after cue 2.
Figure 6C compares mean (±SE) discharge rates of the same
neurons during no-go trials (red) and go trials (black). The differ-
ence in discharge modulation during cue 2 and delay 2 is clear.
No-go related discharge was also observed when the two
spots were moved stepwise during the action period (Figure 1A)
so that the monkeys performed saccades. Figure 6D illustrates
discharge of the same neuron (Figure 6A) during rightward and
leftward saccades (Figure 6D1) and no-go trials (Figure 6D2).
Clearly, when the cue 2 instructed no-go, dischargewas stronger
during delay 2 (Figure 6D2).
Preferred versus Antipreferred Directions and Location
of Responsive Neurons
To examine how visual motion during cue 1 affected the activity
of the overall population of SEF neurons during go trials, we
sorted all SEF neurons that exhibited directional responses to
cue 1 at 100% correlation, and compared their mean discharge
rates when the monkeys performed pursuit eye movements in
the preferred direction with mean rates in the antipreferred
direction. Figure 4D plots mean rates of a total of 27 neurons
for preferred directions (green, mean ± SE) and antipreferred
Neuron
Memory and Decision Making in SEFFigure 5. Discharge of Representative Visual Memory + Movement Preparation Neuron during Saccade Task
(A and B) Cue 1 was 100% (A) and 0% (B) correlation, respectively. Go trials for saccades when cue 1 was leftward (A1) and rightward (A2) visual motion (100%
correlation) are shown. In (A3) and (A4), no-go trials are as indicated. Panels (B1) and (B2) show go trials for saccades, where cue 1 was 0% correlation. Traces
were grouped into leftward saccades (B1) and rightward saccades (B2). Panel (B3) shows no-go trials.
(C) Discharge during a visually guided saccade task with a single spot.directions (black) when the duration of delay 1 and delay 2 was
set at 2 s. These included 5 visual memory neurons, 14 visual
memory + movement preparation neurons, 4 movement prepa-
ration neurons, and 4 others that did not exhibit directional
responses during delay 1 and 2. SEF neurons that exhibited
directional responses to cue 1 visual motion (Figure 4D, greenversus black) maintained clearly higher discharge rates during
both delay 1 and delay 2. Their response to the identical cue 2
stimulus for the ‘‘go’’ instruction was clearly larger for the
preferred direction compared with the antipreferred direction
(Figure 4D), indicating directional modulation of cue 2 responses
(e.g., Figure 1C versus 1D).Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc. 725
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(A–D) Representative neuron during smooth pursuit (A) and saccade tasks (D). (A1) Go trials when cue 1 was rightward and leftward visual motions. (A2) No-go
trials. Red traces (arrows) highlight an error trial. (B) CP time course for 24 no-go neurons during no-go and go trials. (C) Time course of mean (±SE) discharge of
the 24 neurons during no-go (red) and go- (black) trials. (D1 and D2) Go trials and no-go trials for saccades, respectively.Figure 7 summarizes schematically the locations of the elec-
trode penetrations (see Experimental Procedures) where we
recorded the four groups of neurons (Table 1) on a surface
view of the dorsomedial frontal cortex of monkey J (see Experi-
mental Procedures). These neuronswere intermingled in the SEF
region (Figure 7, key). Locations of the electrode penetrations in
monkey S were similar, although no-go neurons were recorded
more caudally (6 mm) as well.
Chemical Inactivation of SEF
To further examine whether SEF could be involved in visual
motion memory and the decision-making process of whether
to pursuemoving spots, we injectedmuscimol into the SEF bilat-
erally at the locations where we recorded responsive neurons
(Figure 7, open squares; see Experimental Procedures). Results
were consistent in the two monkeys. Representative results are726 Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc.shown in Figure 8 before (A, B) and after (C, D) infusion for either
rightward or leftward cue 1 motion. Before muscimol infusion
(Figures 8A and 8B), our monkeys performed the task well with
few errors (red traces) in both go- and no-go trials (Figures
8A1–8A3). After muscimol infusion, however, direction errors
often appeared during go trials (Figures 8C1–8C2, red traces)
and even go/no-go errors appeared (Figure 8C3, red traces).
There was no directional preference for errors during go and
no-go trials. Injections were repeated on 7 different days with 2
or 3 days between each. Mean (±SD) error rates before infusion
were 8.8% ± 3.3% (range 4.4%–12.9%). After infusion, mean
(±SD) error rates significantly increased to 21.1% ± 4.9% (range
14.3%–30.0%, p < 0.05).
Figures 8E and 8F compare the latency of correct pursuit eye
movements after the onset of the action signal. There was an
initial pursuit component before the catch-up saccades (Figures
Neuron
Memory and Decision Making in SEF8B and 8D), and the rightward component was larger than the
leftward one before muscimol injection in both monkeys (e.g.,
Figure 8E, downward arrow). After muscimol injection, this
component decreased (Figure 8E). Latencies of catch-up
saccades were also delayed after muscimol infusion. This delay
was observed during leftward pursuit even though the initial
pursuit component before catch-up saccades was not affected
(Figure 8F, upward arrow). After the catch-up saccade, pursuit
eye velocity (i.e., postsaccadic pursuit eye velocity) decreased
in both rightward and leftward directions (Figures 8E and 8F,
*p < 0.05). However, there was no significant difference in the
maintenance of pursuit eye velocity before and after muscimol
infusion during the period 0.5–0.7 s after the onset of spotmotion
(p > 0.5, Figures 8E and 8F). These results indicate that chemical
inactivation of SEF not only increased directional errors and go/
no-go errors, but also impaired the initial eye velocity of correct
pursuit.
DISCUSSION
The SEF is reported to play an important role in complex behav-
iors such as learning-related activity (Chen and Wise, 1995;
Nakamura et al., 1998), planning of saccades (Olson et al.,
2000), sequential saccades (Isoda and Tanji, 2002; Lu et al.,
2002), decision-making processes (Coe et al., 2002), and anti-
saccades (Schlag-Rey et al., 1997). Although the SEF also
contains pursuit-related neurons that discharge during smooth
pursuit (Schall, 1991; Heinen, 1995; Heinen and Liu, 1997; Fu-
kushima et al., 2004), their role in pursuit eye movements was
not clear, especially because SEF lesions do not impair simple
pursuit using a single spot (see a review by Tehovnik et al.,
2000; also Fukushima et al., 2003), so it had been suggested
that SEF is involved in guiding anticipatory pursuit (see Introduc-
tion, also Leigh and Zee, 2006 for a review).
Using a memory-based smooth pursuit task, the present study
has demonstrated that SEF contains signals that code assess-
ment of visual motion direction and hold that assessment in
workingmemory, thedecisionofwhether topursuemovingspots,
and the preparation of the direction of the ensuing pursuit eye
movement. Chemical inactivation of SEF bilaterally resulted in
direction errors in the execution of smooth pursuit, delay in laten-
Figure 7. Recording Locations of Four Groups (Key) of Neurons in
the Dorsomedial Frontal Cortex in Monkey J
Muscimol injection sites are shown by open squares.cies of corrective saccades, decrease of initial (but not of mainte-
nance phase of) pursuit eye velocities, and errors of whether to
pursue moving spots. These results indicate that the SEF
discharge assesses visual motion direction, remembers it, and
uses it to program appropriate smooth pursuit eye movements.
SEF and Memory for Visual Motion Direction
Our results indicate that neuronal discharge reflecting working
memory for visual motion direction is found in the SEF because,
in our task, signals encoding the memory of visual motion direc-
tion were required to produce the appropriate pursuit eye move-
ment commands. It has been reported that potential sites for
visual motion memory are the middle temporal cortical area
(MT) (Newsome and Pare, 1988; Britten et al., 1992; Bisley
et al., 2004) and medial superior temporal area (MST) (Celebrini
and Newsome, 1994, 1995; also Kawawaki et al., 2006). For
a direct comparison with SEF neuronal activity, it would be
necessary to examine neuronal activity in task conditions that
isolate such activity. Although Britten et al. (1996) have reported
that individual MT neurons weakly but significantly predict
a monkey’s directional decisions, Seidemann et al. (1998) have
shown that delay period activity signaling the remembered direc-
tion of motion is not observed in MT neurons. Although some
activity has also been reported inMST neurons, it is minimal (Bis-
ley et al., 2004). Preliminary studies in our laboratory tested the
activity of 100 MST neurons that exhibited a visual motion
response during cue 1. However, none of them exhibited main-
tained cue 1 discharge during delay 1 (N.S. et al., unpublished
data). These observations suggest that, during delay 1 in our
task, MT andMST probably do not provide signals for themotion
direction memory.
The dorsolateral prefrontal cortex also contains neurons that
respond to visual motion (Kim and Shadlen, 1999; Zaksas and
Pasternak, 2006). This region has been linked to temporal
storage of sensory signals for working memory (Goldman-Rakic,
1995). Kim and Shadlen (1999) have demonstrated that visual
motion responses can be maintained during a delay period in
prefrontal cortex neurons. However, in their studies, discharge
related to the memory of visual motion could not be separated
from discharge related to movement preparation (also Zaksas
and Pasternak, 2006).
Qualitatively similar signals reflecting the direction of visual
motion were also found in the frontal eye fields (FEF) and SEF
(Kim and Shadlen, 1999; Fukushima et al., 2002, 2008). In prelim-
inary studies, we recorded 160 neurons in the caudal FEF of the
same monkeys that exhibited modulation using the same task,
and found a significantly lower percentage of direction-specific
neurons in FEF than SEF during delay 1 (N.S. et al., unpublished
data). Unilateral muscimol infusion into FEF did not induce direc-
tional errors in our task (Fukushima et al., 2008). These results,
taken together, suggest the uniqueness of SEF in maintaining
memory of visual motion direction.
We do not know how SEF visual memory signals are gener-
ated. The dorsolateral prefrontal cortex might participate in the
generation as suggested earlier (Kim and Shadlen, 1999; Zaksas
and Pasternak, 2006). SEF contained many neurons that
exhibited direction-nonspecific discharge during delay 1 (Fig-
ure 1E). Discharge characteristics of these neurons were notNeuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc. 727
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Eye position (A and C) and velocity (B, D, E, and F) aligned at the onset of cue 1 before muscimol infusion (A and B) and after infusion (C and D). Panels (E) and (F)
compare desaccaded and averaged eye velocity before (thin lines) and after (thick lines) infusion for rightward (E) and leftward pursuit (F) correct performance.
Desaccaded portions were connected by straight lines. See text for further details.homogeneous. Some of them exhibited gradually increasing
activity during delay 1 until cue 2 as though their discharge
had reflected anticipation of cue 2 (e.g., Chen and Wise, 1995).
There were also neurons whose discharge was similar to that
shown in Figure 2A1 except for the lack of directionality. They
might have signaled visual motion, the direction of which was
not specified. SEF discharge reflecting visual memory must
have been generated as a result of themonkeys learning to asso-
ciate cue 1 with the cue 2 instruction (e.g., Mann et al., 1988).
Direction-nonspecific neurons might have participated in a
process of this learning. It is also possible that their activity728 Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc.during delay 1 signaled the context of cue 1 to associate it with
the cue 2 no-go instruction. Analysis of their discharge is a
subject of future study.
SEF and Motion-Direction Assessment and Preparation
for Pursuit Eye Movements
Our results indicate that visual memory + movement preparation
neurons code directionality during delay 1, hold visual motion
memory, and during delay 2 use it for preparation for subsequent
pursuit eye movement directions (Figures 3 and 4). Using 0%
correlation at cue 1 (Newsome and Pare, 1988), we forced the
Neuron
Memory and Decision Making in SEFmonkeys to choose the pursuit direction themselves. It has been
shown that the sensitivity to visual motion of most neurons in MT
and MST is very similar to the psychophysical sensitivity of the
monkeys (Britten et al., 1992; Celebrini and Newsome, 1994).
Lack of motion-direction information during 0% correlation at
cue 1 and the lack of a delay 1 response in MST neurons during
100% correlation in our task (N.S. et al., unpublished data; also
Seidemann et al., 1998 forMT neurons, see above) suggests that
MT and MST neurons cannot provide the signals coding visual
motion direction during delay 1 that were used for the monkeys’
choice of final pursuit direction (e.g., Figure 3C; also Britten et al.,
1992; Celebrini and Newsome, 1994).
In contrast, our results from theCP analysis of visual memory +
movement preparation neurons show that the delay 1 activity
during 0% correlation at cue 1 covaried with the monkeys’
choice for pursuit direction and that the CP time courses during
0% and 100% correlation were very similar (Figures 3C, 3D, and
4B). During 0% correlation, the monkeys seemed to search for
a visual motion direction cue, but cue 1 itself did not provide
the information (Newsome and Pare, 1988). We think that the
delay 1 activity of visual memory + movement preparation
neurons during 0% correlation reflected the monkeys’ motion-
direction assessment. Our results showing that the CP found in
the SEF with 0% correlated motion is much higher than that
found inMT (e.g., Purushothaman andBradley, 2005) are consis-
tent with our interpretation. Clear divergence of mean discharge
rates for preferred and antipreferred directions (Figure 4C, red
and black, indicated by green arrow) might suggest that at
240 ms after presentation of 0% correlation at cue 1, the
monkeys reached an assessment of motion direction (cf., Kiani
et al., 2008). It is unlikely that the delay 1 activity of our neurons
contained signals for preparation for action, because the activity
was rarely affected by the cue 2 instruction to go or no-go (Fig-
ures 2A1 versus 2B1, 3A1 versus 3A3) or by preparation of the
pursuit eyemovement directionwhen themonkeymade apursuit
direction error (Figure 2A1, red). Notice that no-go trials during
0% correlation at cue 1 resulted in mixed trials; some included
high discharge rates and others low discharge rates (rasters in
Figures 3C3, 5B3). It is possible that trials with high and low
discharge rates reflected the monkeys’ attempt to find motion
direction and their assessment about its direction until the no-
go instruction was given by cue 2. This conclusion is supported
by the observation (N.S. et al., unpublished data) that, in three of
four visual memory neurons tested, the CP time course showed
values > 0.8 during delay 1 for pursuit in the preferred direction.
The importance of motion-direction information in the SEF is
supported by the finding that muscimol infusion into bilateral
SEF resulted in errors in pursuit directions (Figure 8C). Note
that direction errors and even go/no-go errors increased after
muscimol infusion from the control mean (SD) error rate of 8.8%
(±3.3%) to significantly higher error rate of 21.1% (±4.9%). It
should be noted that the increase in error rates was not due to
loss of alertness or general attention, because there was no
significant difference in the maintenance of pursuit eye move-
ments (Figures 8E and 8F). However, it should also be noted
that themean error rate of 21% after muscimol infusion indicates
that the monkeys still could perform the task (Figures 8E and 8F,
thin versus thick traces). These results suggest that, although theSEF is important for working memory of visual motion direction in
our task, it is not the sole area for this function. Other brain areas,
most probably the prefrontal cortex, might also participate in this
function (cf.KimandShadlen, 1999;ZaksasandPasternak, 2006).
SEF and Decision for Go or No-Go
The present results demonstrate the existence of no-go neurons
for smooth pursuit in the SEF (Figure 6). No-go neurons were re-
ported earlier in a saccadic and pursuit go/no-go tasks in the
SEF (Mann et al., 1988; Kim et al., 2005). The existence of no-
go neurons along with impairment in performing no-go trials after
muscimol infusion in the present study (Figure 8) suggests that
SEF is necessary for the decision-making process of whether
to pursue moving spots during our task. Our results also show
that no-go SEF signals were common for both saccadic and
smooth pursuit eye movements in our task conditions (Figure 6A
versus 6D). Notice that the direction-specific activity reflecting
visual motion memory and preparation for action was also
common in smooth pursuit and saccadic systems (Figures 5A
and 5B), suggesting that in SEF these signals, although context
dependent (e.g., Figures 1B versus 1F, 5A1 versus 5C; Mann
et al., 1988), are not separated for the two eye movement
systems (Krauzlis, 2005).
Our results showed that no-go neurons discharged during the
actionperiod ingo trials (Figure6). It is unlikely that their discharge
reflected a visual response to spot motion, because they did not
discharge at cue 1. Their discharge might partly contribute to
performance monitoring (see Discussion in Emeric et al., 2008).
Role of SEF in Visual Motion-Memory and Preparation
for Pursuit Eye Movements
Using a memory-based smooth pursuit task, the present results
show that the SEF contains signals reflecting retinal image-slip
velocity, memory and assessment of visual motion direction,
the decision whether to pursue, and the preparation for and
execution of pursuit eye movements (Table 1). The signals and
the congruent discharge during delays 1 and 2 (Figures 4A–4C)
seem to reflect stages of processing that take place within the
SEF. The final stages in this conversion are direction-specific
eye movement signals to pursue a chosen spot during the action
period. Such signals are commonly found in the FEF pursuit area
(see Leigh and Zee, 2006, for a review). Also, the first signal (i.e.,
directional visualmotion signals induced by cue 1) and signals re-
flecting preparation for pursuit eyemovements during delay 2 are
commonly found in the FEF (Fukushima et al., 2008; Kim and
Shadlen, 1999). These results suggest that both SEF and FEF
are involved inappropriateexecutionof smoothpursuit eyemove-
ments and that they might have different roles (Mann et al., 1988;
Fukushima et al., 2006). The present study has revealed an impor-
tant role of the SEF in memory of visual motion direction, a deci-
sion-making process for aborting pursuit of moving spots, and
preparation of appropriate pursuit eye movements.
EXPERIMENTAL PROCEDURES
Twomonkeys (Macaca fuscata, 5–6 years old) were used. All procedures were
performed in strict compliance with the guidelines for the Care and Use of
Animals of the National Institutes of Health. Our specific procedures wereNeuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc. 729
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School of Medicine. Our methods for animal preparation and training, and
data recording and analysis, are described elsewhere in detail (e.g., Fukush-
ima et al., 2000, 2008), and are summarized here briefly. Each monkey was
sedated with ketamine hydrochloride (5 mg/kg, i.m.), then anesthetized with
sodium pentobarbital (25mg/kg, i.p.). Additional anesthesia (0.5%–1.0%halo-
thane mixed with 50% nitrous oxide and 50% oxygen) was administrated as
necessary. Under aseptic conditions, head-holders were affixed to the skull.
Vertical and horizontal components of eye movements were recorded using
a scleral search coil (Fuchs and Robinson, 1966).
Monkeys were seated in a primate chair in darkness with the head firmly
restrained, facing a 22-inch computer display (Mitsubishi, RDF 221S, 120 Hz)
placed 65 cm away from the eyes. Visual objects (spot and random-dot
patterns, see below) were presented in the central 10 3 10 of the visual field.
The tasks are schematically illustrated in Figure 1A. A red fixation spot ap-
peared in the center and themonkeys were required to fixate it (Figure 1A, fixa-
tion). At cue 1, a random dot pattern was presented (each 0.5 spot, presented
across 40% of the 10 3 10 area, 150 dots) and was moved along one of
eight directions separated by 45 at 10/s for 0.5 s (Figure 1A, cue 1): horizontal
(right or left), vertical (up or down), or four diagonal directions. Each dot in the
pattern moved in the same direction (i.e., 100% correlation, Newsome and
Pare, 1988). In successive trials, the direction of the moving pattern (e.g., right
or left) was random but the frequency of its occurrence was equal. The
monkeys were required to remember the color of the pattern and the direction
of movement. After a delay (Figure 1A, delay 1 of 1–4 s, typically 2 s),
a stationary pattern was presented as the second cue (Figure 1A, cue 2)
(each 0.5 spot, presented across 40% of the 10 3 10 area, 150 dots). If
the color of cue 2 was the same as cue 1, it instructed the monkeys to prepare
to pursue a spot that wouldmove in the direction instructed by cue 1 (i.e., go). If
the color of the cue 2 was different, it instructed the monkeys not to pursue
(i.e., no-go) but tomaintain fixation of a stationary spot. After the second delay,
which lasted a fixed period of 1–4 s in a block of trials (Figure 1A, delay 2, typi-
cally 2 s), the monkeys were required to perform the pursuit eye movement by
selecting the correct spot (Figure 1A, action). For this, the fixation spot re-
mained stationary, but spawned two identical spots; one moved in the direc-
tion instructed by cue 1 and the other moved in the opposite direction at 10/s.
The monkeys were required to respond correctly, either to pursue the correct
spot or not to pursue (i.e., no-go) by maintaining fixation of the spot that re-
mained stationary. The frequency of occurrence of the fixation condition
was set at 24%of the trials, and in the remaining 76%of the trials, themonkeys
were required to pursue one of the two moving spots. To examine whether
responses were unique to the smooth pursuit task, we also moved the two
spots stepwise during the action period to induce saccades.
Reward circuits compared position signals of the fixation spot during cue 1,
cue 2, and two delay periods (Figure 1A) and the correct target spot during the
action period (Figure 1A) with the monkeys’ eye position signals. If the
monkeys’ gaze was within the error window of ±2, apple juice was automat-
ically delivered to the animal at the end of each trial (Figure 1A, reward). If the
monkeys’ gaze was outside the error window, the trial was aborted and was
started again. Themonkeys were also trained to perform the task with different
cue 1 and cue 2 colors. Typically, the monkeys were trained to perform this
task over several months to a year. At the start of recordings, the error rate
was typically less than 10%. A SEF chamber was installed aimed at anterior
21–25 and lateral 1–5 stereotaxic coordinates on both sides of the dorsomedial
frontal cortex.
Extracellular recordings were made in two monkeys. To locate the SEF, we
first applied microstimulation (100 mA, 20–30 cathodal pulses, 0.2 ms duration,
333 Hz) in the dorsomedial frontal cortex, while the monkeys fixated a
stationary spot or performed smooth pursuit. Low-threshold areas (50 mA)
for evoking saccades were located (Schlag and Schlag-Rey, 1987; Missal
and Heinen, 2001, 2004), and we then started searching for responsive
neurons using our task (Figure 1A). Once task-related neurons were isolated,
we determined their preferred directions bymoving cue 1 in different directions
using 100% correlation (Newsome and Pare, 1988). For cue 1, we also moved
each dot randomly using 0% correlation in a block of trials (Newsome and
Pare, 1988). If the color of cue 2 was the same as cue 1, it instructed ‘‘go’’
and the monkey followed one of the two moving spots. If the color of cue 2730 Neuron 62, 717–732, June 11, 2009 ª2009 Elsevier Inc.was different from that of cue 1, it instructed no-go. Thus, the monkey was
forced to remember and match the cue color in order to respond correctly.
The 0%correlationwas used to force themonkeys to choose the pursuit direc-
tion to examine how SEF neurons discharged during delay 1 and delay 2.
For comparison, pursuit and saccade tasks were also tested using a single
spot.
Both monkeys were also used for recordings in the caudal part of the frontal
eye fields in the arcuate sulcus (Fukushima et al., 2008). The stereotaxic coor-
dinates of the caudal portion of the arcuate sulcus were measured during the
initial surgery under visual observation and the correct area was confirmed by
electrical stimulation that evoked saccades. As illustrated in Figure 7, the loca-
tions of electrode penetrations in the SEF where we recorded the four groups
of neurons (Table 1) were estimated with respect to the caudal portion of the
arcuate sulcus and the remaining portions of the arcuate sulcus were esti-
mated from the anatomy of other monkeys’ brains that were of similar age
and body weight.
To inactivate the SEF, we used a micro-recording needle (Crist Instrument)
that was attached to a Hamilton syringe, and 1.0 ml GABA agonist muscimol
dissolved in physiological saline (10 mg/1 ml) was infused into the identified
sites: two sites 2 mm apart rostrocaudally in the right and left SEF (Figure 7,
open squares). The effects of muscimol injection on monkeys’ performance
(Figure 1A) were examined by changing the colors of cue 1 and cue 2. For
this, we prepared five sets of different-colored dots and each set was pre-
sented randomly before and after infusion. This was to force the monkeys to
remember the cue color in order to respond correctly, thus testing their
working memory in a demanding task situation.
Data Analysis
To analyze the discharge of each neuron, traces were aligned on the onset of
cue 1. Eye position, target position, and neuronal discharge were sorted by
correct responses to the direction instructed by cue 1 and cue 2. Trials for
go and no-go were sorted separately. Mean discharge rates of individual
neurons during each period (Figure 1A) were measured and compared as
the mean (±SD) rate of each period versus the mean discharge rate (±SD)
during the initial fixation (Figure 1A-1D). We defined significant differences
as those having a p value < 0.05 using the Students’ t test with the significance
level corrected for multiple comparisons using the Bonferroni correction. A
total of 240 neurons were tested in the SEF region. Of these, 32 neurons
(13%) exhibited gradually increasing activity during the control (fixation) period
as though these neurons reflected anticipation of the occurrence of cue 1 (e.g.,
Chen and Wise, 1995). Because they responded before any cue, we were
unable to estimate control discharge rate accurately, so we did not include
these neurons. Further analysis was done on 208 neurons.
The monkeys occasionally made small eye movements during the delay
periods (e.g., Figure 2). Some were blinks. These eye movements did not
contribute to the observed neuronal responses.
Direction-specific neurons during the action period included pursuit-related
neurons in a pursuit task (e.g., Figure 1F). We tested simple ramp pursuit and/
or sinusoidal pursuit in a total of 38 neurons that exhibited modulation during
the action period during go trials (Figure 1A). These included 16 direction-
specific neurons and 22 direction-nonspecific neurons (Figure 1E). A majority
of the former (12/16 = 75%) but only a minority of the latter (3/22 = 14%) ex-
hibited modulation during a simple pursuit task like Figure 1F: typically weaker
discharge modulation during movements (but rarely before the onset of eye
movements) compared with the modulation in our memory-based pursuit
task (e.g., Figure 1B). Neurons that exhibited directional modulation both
during delay 1 and delay 2 included pursuit-related neurons identified by sinu-
soidal pursuit (7/9 neurons tested). However, neurons that showed directional
modulation only during delay 1 did not show directional response during
pursuit (action) and we did not test these neurons using a simple pursuit task.
Responses during delay 1 and 2 periods were evaluated by CP (Britten et al.,
1996; Zaksas and Pasternak, 2006). The evolution of the CP over the time
course of each trial was calculated with respect to the monkeys’ choice based
on whether they pursued in the preferred direction of the neuron or antipre-
ferred direction. CP values were computed using a sliding window of 200 ms
duration incremented in steps of 100 ms from the initial fixation to the end of
action period (e.g., Figure 4A), typically for 10 s.
Neuron
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during delay 2 during no-go trials with respect to the monkeys’ performance
based on whether they maintained fixation or if they pursued a spot regardless
of direction (Figure 6). Neurons were classified as no-go neurons if they ex-
hibited CP above 0.7 during delay 2 when the monkeys performed no-go.
Because these neurons preferred the no-go trials, they were not included
in the percentage of modulated neurons during go trials summarized in
Figure 1E.
To analyze the effects of muscimol injection, 80–100 trials were aligned with
the onset of cue 1 before and after injection. Error trials were counted. Eye
position and velocity traces were examined for correct performance. Desac-
caded eye velocity for correct responses was averaged to compare mean
velocity.
Although the two monkeys are still being used for other experiments, we are
certain that recordings were from the SEF region because the discharge char-
acteristics, the recording locations estimated relative to the arcuate sulcus
(Figure 7), and the stereotaxic coordinates and electrical stimulation for
saccadic eye movements were similar to our previous studies in which
recording locations were confirmed histologically.
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